resident brine by supercritical CO 2 (scCO 2 ), which is an unstable drainage process 19 caused by the invasion of less viscous scCO 2 . The unstable drainage is greatly 20 complicated by aquifer heterogeneity and anisotropy and regarded as one of the key 21 factors accounting for the uncertainty in storage capacity estimates. The impacts of 22 pore-scale characteristics on the unstable drainage remain poorly understood. In this 23 study, scCO 2 drainage experiments were conducted at 40 °C and 9 MPa using a 24 homogeneous elliptical micromodel with low or high anisotropy, a 25 homogeneous/isotropic hexagonal micromodel, and a heterogeneous 26 sandstone-analog micromodel. Each initially water-saturated micromodel was invaded 27
by scCO 2 at different rates with ! (the capillary number) ranging from −7.6 to 28 −4.4, and scCO 2 /water images were obtained. The measured CO 2 saturations in these 29 centimeter-scale micromodels vary considerably from 0.08 to 0.93 depending on the 30 pore-scale characteristics and capillary number. It was also observed that scCO 2 31 drainage follows the classic flow-regime transition from capillary fingering through 32 crossover to viscous fingering for either of the low-anisotropy elliptical and 33 heterogeneous micromodels, but with disparate crossover zones. The crossover zones 34 of scCO 2 saturation were then unified with the minimum scCO 2 saturation occurring 35 at ! * = −4.0 using the complete capillary number ( ! * ) that considers pore 36 characteristics. For the hexagonal and the high-anisotropy elliptical micromodels, a 37 monotonic increase in scCO 2 saturation with increasing ! * (without crossover) was 38
observed. It appears that the complete capillary number is more appropriate than the 39 Figure S2 of the supporting information. Before a drainage experiment, a selected 155 micromodel was cleaned by flowing through the following sequence of fluids: (1) 156 deionized (DI) water, (2) isopropanol, (3) DI water, (4) SC-1 solution (DI water: 157 NH 4 OH: H 2 O 2 at 5:1:1) and (5) DI water. The micromodel was then saturated with DI 158 water. CO 2 and water were allowed to equilibrate to 40 °C for over 12 hours. After 159 the above preparation steps, Coumarin -dyed scCO 2 was injected into the micromodel 160 at a constant flow rate for each drainage experiment (Biswas et al., 1999) . This 161 sequence was repeated for a wide range of flow rates. Detailed descriptions of the 162 experimental procedures can be found in Chang et al. (2017) . Because scCO 2 was 163 continuously injected into the micromodel, the dissolution of scCO 2 in residual water 164 during drainage may have negligible effects on CO 2 saturation and distribution in the 165 pore network. Under the experimental conditions (40 °C, 9 MPa), the solubility of 166 scCO 2 dissolved in water is 1.225 mol/L (Spycher and Pruess, 2005) . Meanwhile, in 167 previous studies (Chang et al., 2016 (Chang et al., , 2017 (Chang et al., , 2019 , we have showed the dissolution and 168 mass transfer of scCO 2 in water in the sandstone-analogue Micromodel #1 is 169 non-equilibrium, considerably limited by small area-to-volume ratios that represent 170 the pore-throat configurations and characteristics of phase interfaces. 171 Table 2 lists the imposed volumetric injection rates for the four micromodels. 172
The displaced water during drainage was collected in a syringe pump that was used to 173 maintain pressure. These rates correspond to a range of Darcy velocity from 1.23 174 m/day to 2,775 m/day, and a range of ! from -7.60 to -4.41. The classic 175 Lenormand et al. (1988) defined by 177
where is the contact angle between the injected and resident fluid. The contact 179 angle of scCO 2 and water on the silica surface is measured as 15.2°±0.4° (Table 1 as in the original form given by Saffman and Taylor (1958) . 183
The imposed range of injection rates correspond to flow rates at 0.03 to 50 m 184 away from an injection well (with an injection rate of one million metric tonnes of 185 scCO 2 per year over a screen length of 15 m with uniform flow assumed) at a typical 186 geological CO 2 sequestration (GCS) site. During each drainage experiment, scCO 2 187 was injected into the micromodel at a specified constant flow rate until the 188 quasi-steady state was reached, i.e., scCO 2 distribution and saturation remained stable 189 with time. The experiment was then stopped, and the micromodel was thoroughly 190 cleaned and saturated with water before the next experiment was conducted at a 191 different rate. An additional experiment was conducted in the sandstone-analog 192 micromodel (#1) using step-rate scCO 2 injection, i.e., the injection rate was increased 193 after the quasi-steady-state conditions were reached for a given rate. This represents 194 an alternative injection approach that was explored to increase scCO 2 storage capacity 195 (White et al., 2014) . 196 11 The stained scCO 2 in the micromodel was observed through a Blue GFP filter set 197 (λ ex = 379-401 nm, λ em = 435-485 nm). The micromodel images were acquired using 198 a Nikon Eclipse TE2000-E epifluorescent microscope (Melville, NY) through a 4X 199 inverted objective with a spatial resolution of 1.62 µm/pixel. A single image that 200 captured the entire pore network was formed by montaging multiple separate 201 sub-images taken by a CoolSnap HQ2 monochrome CCD camera (Photometrics Inc., 202
Tucson, AZ). The camera was controlled by a computer with imaging software 203 (NIS-Elements, Nikon, Melville, NY). 204
The fluorescent signal intensity of dyed scCO 2 is significantly higher than that for 205 silicon posts and pore spaces filled with water, with a signal-to-noise ratio >10. A 206 threshold value can be unambiguously determined for each image to distinguish 207 scCO 2 phase from others. During scCO 2 drainage, time-lapse images were obtained 208 until the quasi-steady state was reached, i.e., the intensity of the dyed scCO 2 , and the 209 scCO 2 distribution and saturation kept constant with time. To better observe the 210 scCO 2 -water distribution in (heterogeneous) Micromodel #1, images of the dyed 211 scCO 2 and the pore space were overlapped. Segmentation and analysis of these 212 images were conducted by using ImageJ software (Rasband, 1997 (Rasband, -2019 . We 213 validated the image segmentation method and fabrication process by comparing (1) 214 the measured porosity from fluorescent images and the computed one from the 215 micromodel design and (2) the measured size of the silicon posts and the design value. 216
Both comparisons showed good agreement with errors <5%. For Micromodel #3, 217 images taken at a resolution of 1.62 µm/pixel failed to capture the pore throat with 3 218 underestimate pore volume by <2.5% of design. 220 experiments. Figure 6a shows that ! in the crossover zones for the four 319 micromodels varies from −6.59 to −5.26. Meanwhile, monotonic increase in CO 2 320 saturation with ! (without crossover) is observed for Micromodels #3 and #4 in 321 which the minimum pore throats are less than 4 µm. In summary, the drainage 322 fingering and crossover are significantly affected by pore characteristics that are not 323 considered in the classic (dimensionless) capillary number. 324 Dullien (1992) claimed that the classic capillary number ! does not deserve to 325 be called a measure of the ratio of viscous-to-capillary forces for subsurface flow, as 326 viscous forces are known to be proportional to a length scale L in the direction of flow, 327 and capillary forces are proportional to a characteristic pore size. He then proposed a 328 17 complete capillary number ( ! * ) to account for pore characteristics. Assuming a 329 rectangular cross-section for fluid flow, the viscous force F ! is equal to the wall shear 330 stress τ ! multiplied by the surface area of the flow path: 331
Results and Discussion
332 where and refer to the pore-throat diameter and micromodel depth. Assuming 333 viscous (Poiseuille) flow, the shear stress can be written as 334
335 where is the average velocity. Combining Eqs (2) and (3) leads to 336
The capillary force ! is equal to the capillary pressure ! times the area of the 338 rectangular cross section (i.e.,
). With the capillary pressure expressed as 339
340 the capillary force can be written as 341
Finally, the ratio of the viscous-to-capillary forces can be defined by the complete 343 capillary number: 344 pore throats (see Figure S4a) , resulting in large scCO 2 -invaded clusters connected by 362 constrictive narrow flow paths after drainage (see Figure S4b) . Table 2 lists the values 363 of ! * and the involved parameters for calculating ! * for the micromodels 364 considered in Figure 6 . 365
The revisited relationships between ! * -non-wetting fluid saturation are 366 shown in Figure 6b . The re-scaled crossover zones for Micromodels #1, #2 and #C1 367 share the similar minimum value at ! * = −4.0. The crossover zone minimum for 368
Micromodel #C2 (at the lowest injection rate) is at ! * = −3.48, because the full 369 crossover zone was not available from the experimental data. The disparate crossover 370 zones presented as a function of ! in Figure 6a dominates pore-filling displacement, which may be attributed to the significant 388 interfacial dynamics at the scCO 2 -water interface by the small pore throat and high 389 pore-throat ratio (12:1). These dynamics have been discussed in the literature for 390 drainage experiments in pore networks with high pore-throat ratios. Armstrong et al. 391
(2013) used a micromodel with similar pore characteristics, i.e., 60 µm spherical pore 392 bodies connected to six 13 µm pore throats (with a pore-throat aspect ratio at 4.6), 393
conducted drainage experiments for a decane-water system, and observed the rapid 394 millisecond scale. They concluded that (1) the interfacial velocities (displacement 396 velocities of a meniscus at the immiscible interface) can be six times higher than the 397 mean front velocity (Darcy velocity) during Haines jumps, and (2) the displacement 398 characteristics at the pore-network scale greatly depend on the dynamic, interfacial 399 displacement at the local pore scale (<10 pores). The Haines jump shows a sudden 400 increase in the interfacial velocity and a drop in the capillary pressure when the 401 non-wetting phase passes from a pore neck into a wider pore body, displacing the 402 wetting phase (Haines, 1930 To better understand the dynamic CO 2 invasion, we visualize in Figure 7b the 438 newly developed CO 2 distribution (marked by different colors) at the end of each step 439 injection rate with slow !"! increase and at the end of sharp !"! change 1 min 440 after each step-rate increase. The corresponding scCO 2 injection volume and 441 saturation at the five nodes are shown by red squares in Figure 7a . As shown in Figure  442 7b, displacement of water occurs first from the three channels with large pores under 443 the lowest injection rate ( ! = −6.59). As injection rate increases, water in smaller 444 pores next to the channels is displaced by a higher viscous force. However, water 445 from the relatively small pores/pore throats is displaced very slowly. This fast 446 displacement followed by a slow displacement occurs for each step injection rate. 447
Eventually, only 25% of the initial water remains in the heterogeneous micromodel, 448 including the contributions from the capillary end effect near the downstream under 449 the extremely high injection rate. 450
By comparison, the step-rate injection method is not as efficient as the 451 constant-rate injection method, because the quasi-steady-state CO 2 saturation at each 452 step of the step-rate injection is smaller than that for the corresponding constant-rate 453 injection (see Figure 7c) , and more pore volumes of scCO 2 injection are required to 454 reach the quasi-steady state. The reduced efficiency of displacement depends on the 455 CO 2 distribution after the first step of the step-rate injection test. In our case, the first 456 step of the test creates flow channels with lowest !"! at the crossover zone 457 ( ! = −6.59) (also see Figure 2 ). As shown in the insert of Figure 7c saturation during the step-rate injection, though capillary end effect exists in both 463 studies. When the step-rate injection method is used, it is important to initiate the 464 process from the capillary fingering regime for enhanced displacement efficiency. 465
Conclusions

466
The impacts of pore geometry and pore-network topology on scCO 2 -water 467 drainage fingering have been investigated using displacement experiments in four 468 micromodels. These micromodels represent pore networks with varying anisotropy 469 and heterogeneity. For each experiment, high-resolution images of scCO 2 -water 470 distributions were obtained (from which scCO 2 saturation was derived) using a 471 fluorescence imaging system. 472
The scCO 2 distributions and saturations at quasi-steady state show the entire 473 spectrum of scCO 2 drainage, from capillary fingering through crossover to viscous 474 fingering, with increase in ! for the homogeneous and low-anisotropy elliptical 475 micromodel (#2) and the heterogeneous sandstone-analog micromodel (#1). For both 476 micromodels, a large reduction in scCO 2 saturation was observed in the crossover 477 zone, although the corresponding ! ranges are different. The disparate crossover 478 zones with ! was attributed to the absence of pore characteristics in the classic 479 capillary number. Re-scaling using the complete capillary number with pore 480 characteristics considered led to similar scCO 2 saturation minima at ! * = −4.0. A 481 24 monotonic increase in scCO 2 saturation and drainage efficiency with capillary number 482 and no crossover were observed for the isotropic hexagonal network (#4) and the 483 high-anisotropy elliptical micromodel (#3). These observations indicate that there are 484 large impacts of pore geometry and pore-network topology on unstable drainage 485 fingering and that the complete capillary number can be used for improved 486 comparisons between different micromodels. The measured CO 2 saturations in these 487 centimeter-scale micromodels vary considerably from 0.08 to 0.93 depending on the 488 pore characteristics and displacement rates. 489
Our experimental observations indicate that the impacts of pore geometry and 490 pore-network topology on unstable drainage fingering are significant and the 491 complete capillary number can be used to improve the characterization of flow 492 regimes in different micromodels. Results from this study may deepen our 493 understanding in the fundamentals of pore-scale displacement and impacts from 494 porous media for GCS. Specially, the re-scaled relationship between ! * and 495 !"! may have implications for a field-scale GCS project. With the increase in the 496 distance from an injection well, the drainage velocity and thus viscous force decrease, 497 and the displacement regime may change from dominant viscosity fingering to 498 dominant capillary fingering, with or without crossover that depends on the pore 499 structures of the storage formation. All the drainage tests in this study were conducted 500 in strongly water-wet micromodels. The wettability of the solid surface will inevitably 501 affects the scCO 2 fingering flow pattern and saturation. Some recent studies, e.g., 502
Zhao et al. (2016) and Hu et al. (2017 Hu et al. ( , 2018 have showed a wider scCO 2 fingering 503 25 front and more compact displacement patterns with increasing the displacement 504 efficiency in micromodels more affinitive to the displacing fluid. The effects of 505 wettability on scCO 2 fingering regimes and crossover, however, need further 506 experimental investigations with a broader range of displacement rates. It is also 507 noted that gravity was not considered in the 2-D pore networks for all drainage 508 experiments in this study. In the field, the viscous/capillary scCO 2 fingers may 509 coincidence with high-permeability channels (Birkholzer et al., 2015) , while local 510 pore structures and small fingers may become secondary in affecting scCO 2 plume. 511
The non-uniform displacement and channeling flow of scCO 2 (e.g., in Micromodel #2) 512 may cause local pressure buildup, increase leakage potential through caprock and 513 6.3×10 
